The passivation behavior of Ce containing hyper duplex stainless steels in sulfuric acid solution was investigated by electrochemical testing and X-ray photoelectron spectroscopy surface analysis. The addition of Ce to the alloy increased the corrosion resistance at a passive region of 0.4 V SCE . The Ce addition also improved the stability of the passive film because of the formation of inclusions containing Ce with low Cr content and an enrichment of the Cr oxide and hydroxide in the passive film. Further, Ce addition to the alloy decreased the interface between the inclusion and the metallic matrix functioning as defects in the passive film. The Cr-enriched zones formed around the Ce containing inclusion improved the corrosion resistance of the metallic matrix around the inclusions, which act as corrosion propagation sites.
Introduction
Duplex stainless steels (DSSs) have gained much popularity over recent years because of their high resistance to stress corrosion cracking, pitting, and crevice corrosion, high tensile strength, low temperature toughness, and relatively low cost because of the low Ni content in comparison to austenite stainless steels (ASSs). 14) To meet the increasing demand for materials with long service lifetimes, which are primarily used in highly corrosive environments, highly alloyed hyper duplex stainless steels (HDSSs) have been developed.
The passivation behavior and associated corrosion resistance of stainless steel have been widely investigated.
59) The addition of Ru has been reported to facilitate the formation of a passive film on DSSs by decreasing their corrosion parameters, shifting the corrosion and pitting potential to positive value. 5) Cu addition is known to suppress the active dissolution of ferritic stainless steel (FSS) because of the formation of a uniform coverage of a metallic Cu enriched layer on the steel surface. However, the metallic surface layer of Cu dissolves as cupric ions in the passive region, which deteriorates the stability of the passive film.
6) Pardo et al. 7) have reported the effect of Mo addition on ASSs in the presence of Mo 6+ within the passive film in neutral NaCl solution, which increases their stability against breakdown caused by the attack of aggressive Cl ¹ ions. Kim et al. 8) have demonstrated that N addition to Ar shielding gas increases the austenite phase content and the stability of passive films, which can be attributed to an increase in the concentration of N-related chemical species, such as NH 4+ and CrN, which result in the generation of phase enriched with metallic Cr and Cr oxides and hydroxides in the DSSs. Recently, Cu addition has been shown to degrade the passive film stability in DSSs because of increase in the formation of Cr oxide inclusions, which function as defect sites in the passive film, resulting in deterioration of the corrosion resistance in sulfuric acid solution. 9) The effects of Ce addition to stainless steels on the corrosion resistance in various corrosive environments have been widely reported.
1014) The corrosion resistance of super duplex stainless steel (SDSS) was increased by addition of Ce, La, and Ba, which increased the passive range and decreased the passive current density because of the promoted formation of Cr-enriched passive films in a 0.5 M HCl-1.0 M NaCl solution.
10) The presence of Ce increased the pitting corrosion resistance in DSSs because of the formation of stable Ce oxide inclusions and the pit initiation sites decreased in NaCl solution.
11) The addition of a small amount of Ce to ASS has been reported to improve the oxidation resistance and inhibit the oxide growth.
12) The addition of Ce to stainless steels has been shown to decrease their sensitization owing to a decrease in the Cr diffusion rate along the grain boundaries and an increase in Ce concentration at the grain boundaries. 13) Recently, it has been found that the addition of Ce to DSSs slows the decrease of the intergranular corrosion resistance of the alloy because the deleterious secondary phase precipitation at 1123 K was retarded.
14)
The effects of Ce addition on the pitting corrosion, intergranular corrosion, and oxidation resistance of stainless steels have been widely investigated. However, the effects of Ce addition on the passivation behavior and corrosion resistance of HDSSs in sulfuric acid solution are not yet to be reported. In particular, there are no mechanisms reported on the correlation between the inclusions and the passivation behavior of Ce containing HDSSs.
The aim of the present paper is to elucidate the effects of Ce addition on the passivation behavior of HDSSs in sulfuric acid solution using potentiodynamic polarization testing, potentiostatic testing, electron probe micro-analysis (EPMA), scanning electron microscopy-energy dispersive spectroscopy (SEM-EDS), and X-ray photoelectron spectroscopy (XPS) analysis.
Experimental Procedures
Ingots weighing 50 kg were manufactured using a high frequency vacuum induction furnace. After these ingots were hot rolled in the range of 1333 to 1523 K, plates of 6 mm thickness were produced. The 6 mm thick plate metal was solution-annealed at 1333 K for 30 min and water quenched. The chemical compositions of the alloys are presented in Table 1 .
Potentiodynamic polarization tests were carried out to evaluate the overall corrosion behavior of the specimens in 2 M H 2 SO 4 solution at 338 K according to the ASTM G 5.
15)
The cell contained a working electrode, a glass capillary probe connected to a saturated calomel reference electrode (SCE) and two graphite rod counter electrodes. The test was conducted at a potential range of ¹0.65 V to +1.1 V vs. SCE and at a scanning rate of 1 © 10 ¹3 V s
¹1
. The potentiostatic test was measured in a deaerated 2 M H 2 SO 4 solution at 338 K with an respectively applied potential of 0.4 V SCE in the passive region of the potentiodynamic anodic polarization curves at which a meta-stable pitting can occur. 16, 17) The current transients were recorded for 36000 s. Corrosion morphologies of the alloys after potentiostatic tests were observed using a SEM.
To observe the various inclusions of the alloys, the inclusions were analyzed using a SEM-EDS. Line analysis of the Cr and Ce of the inclusion in the alloys was measured using an EPMA. The chemical species in the outermost surface film formed on the alloy were analyzed using an XPS after the potentiostatic test at the respectively applied with 0.4 V SCE in the passive region in deaerated 2 M H 2 SO 4 solution at 338 K for 10 h. The energy source was an Al-K¡ (1486.6 eV) X-ray, and the acquired spectra were calibrated with a binding energy of C 1 s (284.5 eV). Figure 1 shows the SEM images in back-scattered electron (BSE) mode of the solution heat-treated alloys. The austenite phase can be observed as an island phase in the background of the ferrite phase, which looks relatively dark. The black colored globular particles enclosed by dotted circles appeared to be inclusions in the BASE alloy. However, black-and white-colored globular particles were observed in the CE190 alloy. The black-and white-colored globular particles enclosed by dotted circles appeared to be inclusions in the CE190 alloy. Figure 2 presents the SEM-BSE images of the inclusions in the alloys. The chemical compositions of the inclusions were analyzed by SEM-EDS. As shown in Fig. 2(a) , the inclusions formed in the BASE alloy were composed of the main type of (Cr, Mn, Fe, Al) oxides and (Cr, Mn, Al) oxides. These oxide inclusions were black. However, Fig. 2 (b) shows that the inclusions formed in the CE190 alloy were composed of the main type of (Ce, Cr, Fe) oxides and the mixed type of (Cr, Mn, Al) oxide and (Ce, Cr, Mn, Fe, Al, Si) oxide. The main type of (Ce, Cr, Fe) oxide inclusions was entirely white in the SEM-BSE image. The mixed type of (Cr, Mn, Al) oxide and (Ce, Cr, Mn, Fel, Al, Si) oxide were both black and white, which could be attributed to differences in the chemical composition of the various inclusions. Ce has a much higher affinity for oxygen than other transitions metals used for alloying in stainless steels. Based on the standard free energies of formation, Ce oxide has a higher negative free energy of formation than Mn, Cr, Si, Fe, and Ti oxides. 18) Hence, Ce oxide inclusions can be formed more readily than Mn and Cr oxides. 19 ) Figure 3 shows the distribution of inclusions and the interface between the inclusions and metallic matrix per frame area of the alloys. As shown in Fig. 3(a) , Ce addition increased the number of fine inclusions and decreased the number of coarse inclusions. In addition, the addition of Ce decreased total number of inclusions per frame area. To calculate the interface between the inclusions and the metallic matrix for a given frame area, the inclusions were assumed to be two-dimensional circles and their circumference (2³r) was used to obtain distribution maps to classify the inclusions of each measured area by size. As shown in Fig. 3(b) , the interfacial area between the inclusions and the metallic matrix of the CE190 alloy was decreased by about 0.78 times in comparison to the BASE alloy. Hence, the addition of Ce affected the number of inclusions and the interface between the inclusions and the metallic matrix. Figure 4 shows the EPMA line analysis of the inclusion formed in the ferrite phase of the CE190 alloy. The white (Ce, Cr, Fe) oxide inclusion was observed in the CE190 alloy (Fig. 4(a) ). The line analysis of the Ce containing oxide inclusion in the CE190 alloy showed that narrow Cr-enriched zones were formed around the Ce containing inclusion with a low Cr content (Fig. 4(b) ). This indicates that the Cr content around the inclusion was strongly affected by the Cr content in the inclusions. Figure 5 shows the potentiodynamic polarization tests of the alloys in deaerated 2 M H 2 SO 4 solution at 338 K, tested according to ASTM G 5 standards. Table 2 shows the corrosion current density (I corr ), the critical current density (I c ) and the passivation current density (I p ) obtained from the potentiodynamic polarization curves. The I p of the CE190 alloy is smaller than that of the BASE alloy in the passive region. On the basis of the increase in the I p , the addition of Ce to the base alloy has a positive effect on the passivation behavior. In the active region, on the basis of the I c and I corr , the addition of Ce to the base alloy has a no effect on the anodic dissolution in the deaerated 2 M H 2 SO 4 solution at 338 K. Figure 6 presents the potentiostatic behavior of the alloys at an applied potential of 0.4 V SCE in the passive region of the potentiodynamic polarization curves shown in Fig. 5 . The I p of the CE190 alloy is lower than that of the BASE alloy, indicating that the addition of Ce to the base alloy increases the stability of the passive film. Furthermore, a higher number of current transients, indicating meta-stable pitting and repassivation at the interface between the inclusions and metallic matrix, were observed during the test period from 10007000 s in the potentiostatic curve of the BASE alloy in comparison to that observed in the CE190 alloy. Hence, Ce addition to the base alloy increased the corrosion resistance at the passive region of 0.4 V SCE because of the formation of stable Ce containing inclusions and the decrease of interface between the inclusions and the matrix. Figure 7 shows the SEM image of the corroded surface of the alloys in deaerated 2 M H 2 SO 4 solutions at 338 K after the potentiostatic tests at an applied potential of 0.4 V SCE . All types of inclusions, such as (Cr, Mn, Al) oxide and (Cr, Mn, Fe, Al) oxide in the BASE alloy functioned as corrosion initiation and propagation sites ( Fig. 7(a) ). Hence, the resistance to corrosion for the Cr oxide inclusion was lower than that of the metallic matrix in the BASE alloy. Inclusions on the surface of stainless steel can lead to the formation of weak spots in the passive film because of the direct exposure of the boundary between the inclusion and matrix to the aggressive environment. 20) However, although the corrosion initiation occurred at the interface between the inclusion and the matrix in the CE190 alloy, the inclusions containing Ce, such as (Ce, Cr, Fe) and (Ce, Cr, Mn, Fe, Al, Si) oxide in the CE190 alloy, did not act as corrosion propagation sites ( Fig. 7(b) ). The corrosion propagated from the interface between the inclusion and the matrix to the metallic matrix in the CE190 alloy. This indicated that the corrosion resistance of the inclusion containing Ce was higher than that of the metallic matrix in the CE190 alloy.
Results and Discussion

Effects of Ce addition on the distribution and formation behavior of inclusions
Effects of Ce addition on the electrochemical behavior
Effects of Ce addition on the passivation behavior
The XPS profile of the alloys after the potentiostatic test at an applied potential of 0.4 V SCE in deaerated 2 M H 2 SO 4 solutions at 338 K are shown in Fig. 8 , respectively. The metallic and oxidized states of Cr 2p, Fe 2p, Ni 2p, Mo 3d, and W 4f are presented.
The binding energies (E b ) obtained from the deconvoluted XPS profiles of the primary compounds in the passive films formed on the alloys are listed in Table 3 . The signals corresponding to the Cr 2p spectra are the strongest in the alloys. The peak deconvolution reveals that the presence of four constituent peaks representing metallic state (Cr (M)), chromium(III) oxide (Cr 2 O 3 ), chromium trioxide (CrO 3 ) and chromium hydroxide (Cr(OH) 3 ). The oxidized species, such as Cr(OH) 3 ). The N 1s peak could be split into three components, ammonium (NH 4+ ), ammonia (NH 3 ), and chromium nitride (Cr 2 N). NH 3 was the primary constituent of the passive film in the alloys. Table 4 shows the elemental ratios of Cr to Fe calculated from the XPS analysis of Fig. 8 using peak area and atomic sensitivity factors (ASFs). N1s   39  38  37  36  35  34  33  32  31   404  403 402  401  400  399  398  397  396  236  234  232  230  228 The passivity of ASSs and DSSs arise from the high corrosion resistance exhibited by the Cr(III) oxide-hydroxides present in the passivated layers.
38) The role of alloyed Cr in enhancing the passivity of the stainless steel is frequently explained in terms of a percolation model of passivation.
3941)
It is considered that Cr forms insoluble Cr 2 O 3 , and a continuous Cr-O-Cr-O network is then produced, which prevents the dissolution of Fe.
The one method used to identify properly passivated steel is the total Cr/Fe atomic ratio. Cano et al. 42) presented the elemental ratios of Cr to Fe is very important from the corrosion resistance viewpoint, because a higher Cr/Fe ratio value is related with greater corrosion resistance. Noh et al. 43) showed the pitting potential is closely related to the Cr/Fe ratio and the rate of metastable pitting decreases with an increasing Cr/Fe ratio in the passive film of stainless steels. Abreu et al. 44) pointed out the stabilizing effect of the molybdates on the surface of the film, improving the formation of a layer on DSS with a higher Cr/Fe ratio. The Ce addition to the base alloy increased the elemental ratio of Cr to Fe in the passivated alloys by 1.19 times. Hence, the addition of Ce to the base alloy improved the stability of the passive film. It is necessary to elucidate the mechanism of the effects of Ce addition on the passivation behavior of the alloys. Based on the results of the XPS surface analysis after the potentiostatic test, we can explain the increase in the corrosion resistance observed with the addition of Ce as follows. The Cr metal, oxides, and hydroxide i.e., Cr (M), Cr 2 O 3 , CrO 3 , and Cr(OH) 3 enhance the corrosion resistance of the passive region (Fig. 8) . The increase in Cr (M), oxide, and hydroxide with Ce addition is associated with the inclusions containing Ce in the CE190 alloy.
This can be explained on the basis of three factors. First, Ce addition to the alloy decreased the interfaces between the inclusion and the matrix, which act as corrosion initiation sites because of the direct exposure of the interface to the aggressive corrosion environment. Second, the addition of Ce to the alloy led to the formation of stable inclusions containing Ce, which improved the corrosion resistance. The resistance to corrosion of the inclusions, such as (Cr, Mn, Al) oxides and (Cr, Mn, Fe, Al) oxides in the HDSS-0Ce alloy was lower than that of the metallic matrix. Corrosion was initiated in the microcrevices between the matrix and the inclusions and propagated to the Cr oxide inclusions in the BASE alloy. However, stable inclusions containing Ce in the CE190 alloy did not seem to act as corrosion propagation sites. Third, Ce addition to the alloy resulted in the formation of Cr-enriched zones and suppressed the Cr-depleted zones increasing the corrosion resistance because of an increase in the corrosion resistance of the area around the inclusions, which act as corrosion propagation sites. Cr-depleted zones were formed at the edge of the manganese sulfide inclusions in stainless steels and these zones were first selectively dissolved. 45) 
Conclusions
(1) Ce addition to the base alloy improved the stability of the passive film because of the formation of stable Ce containing inclusions with low Cr content and an increase in the Cr oxide and hydroxide content in the passive film of the alloys. (2) Ce addition to the alloy decreased the interface between the inclusion and the matrix, which function as defects in the passive film. (3) In addition, Ce addition to the alloy led to the formation of Cr-enriched zones, which improved the corrosion resistance of the metallic matrix around the inclusions, which act as corrosion propagation sites. 
